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Abstract A free-piston Stirling engine performance code is being upgraded and validated at the NASA Lewis Research Center under an interagency agreement between the Department of Energy's Oak Ridge National Laboratory and NASA Lewis. Many modifications have been made to the free-piston code in an attempt to decrease the calibration effort.
A procedure was developed that made the code calibrat ion process more systematic. Engine-spec if ic calibration parameters are often used to bring predictions and experimental data into better agreement. six experimental data points. calibrated free-piston code are compared with RE-1000 free-piston Stirling engine sensitivity test data taken at NASA Lewis. ment was obtained between the code predictions and the experimental data over a wide range of engine operating conditions.
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The code was calibrated to a matrix of Predictions of the
Reasonable agreeExecutive Summary
A free-piston Stirling engine performance code is being upgraded and validated at NASA Lewis under an interagency agreement between the Department of Energy's Oak Ridge National Laboratory and NASA Lewis. Many modifications have been made to the free-piston code in an attempt to decrease the calibration effort required. have been made to the code: (1) heat-transfer and friction-factor correlations for the cooler and the regenerator were modified; (2) gas leak path model for the power piston was modified; ( 3 ) displacer appendix gap pumping loss equation was added; (4) option was added to separate the connecting ducts into their own control volumes; and ( 5 ) option was added to run the code with the displacer gas spring representea by either a control volume or a spring constant and damping factor.
After all the changes were made to the code, a process was developed that logically arrived at the best set of engine-specific calibration parameters. Engine-specific calibration parameters based on engine test data were used to bring predictions and experimental data into better agreement. These parameters were defined as the set of multiplication factors and coefficients required to adjust predicted pressure drops, heat transfer, and gas flow rates so that the code predictions could better agree with a specific engine's test data. The code was calibrated to a matrix of six experimental data points. Predictions of the calibrated code were compared with RE-1000 free-piston Stirling engine experimental data. Measured and predicted data that were compared include indicated power, indicated efficiency, compression space pressure amplitude, displacer stroke, pistondisplacer phase angle, piston-compression space pressure phase angle, frequency, and expansion and compression space gas temperatures. isons agreed within the error bands of the test data.
The following changes
Most compar-
The predicted indicated power and efficiency agreed within *3 to ill percent of the actual test data.
More information is needed in the areas of oscillating flow heat transfer and pressure drop, leakage and centering port flow, and gas spring hysteresis loss. The ultimate goal is to have a code that does not require any engine-specif ic calibration parameters. Although the predictions of the code agreed fairly well with the RE-1000 test data, it is an engine-specific code. Before the code could be used to simulate a different free-piston engine with a large degree of confidence, the code would need to be calibrated for that particular engine. appendix gap gas enthalpy t r a n s f e r ( o r pumping l o s s ) , i n . -l b f / s (cm-N/s) thermal resistance f o r cgnductivg h e a t t r a n s f e r i n aluminum, s-R l B t u ( C l W )
Reynolds number thermal resistance f o r c o n v e c t i v e heat t r a n s f e r between water and c o o l e r w a l l , s-'R/Btu ('ClW) c o o l i n g water i n l e t temperature, O R ( " c ) maximum temper$ture o f gas e n t e r i n g t h e appendix gap, R ( " C ) minimum temperiturg o f gas e n t e r i n g t h e appendix gap, R ( 
I n t r o d u c t i o n
A k i n e m a t i c S t i r l i n g enqine performance code w r i t t e n a t NASA Lewis1 was m o d i f i e d i n t h e areas o f engine thermodynamics, p i s t o n / d i s p l a c e r dynami c s , and engine generic geometry t o p r e d i c t t e Mechanical Technology, Inc., (MTI) m o d i f i e d t h e kinematic code i n 1980 under c o n t r a c t w i t h NASA Lewis. t i n u e d a t NASA under an interagency agreement between NASA Lewis and t h e Department o f Energy's Oak Ridge N a t i o n a l Laboratory (ORNL). Under t h i s agreement, t h e RE-1000 f r e e -p i s t o n S t i r l i n g engine has been modeled and tested.
performance o f a f r e e -p i s t o n S t i r l i n g engine. 2
Development o f t h e f r e e -p i s t o n code conThe RE-1000 was designed and b u i l t by Sunpower Inc., o f Athens, Ohio. I t was designed as a research t o o l and was obtained i n 1979 f o r t e s t i n g as p a r t o f t h e NASA S t i r l i n g engine technology program a t Lewis. The RE-1000 i s an e l e c t r i c a l l y heated s i n g l e -c y l i n d e r engine w i t h a dashpot load. A cutaway view o f t h e engine i s shown i n F i g . 1.
The engine was t e s t e d over a wide range o f heatert u b e outside-wall temperatures, mean working-space pressures, cooling-water i n l e t temperatures, p i st o n strokes, and working f l u i d s . I n a d d i t i o n , t e s t s were conducted w i t h d i f f e r e n t engine c o n f i gu r a t i o n s . These d i f f e r e n t c o n f i g u r a t i o n s included two d i f f e r e n t regenerators, two d i s p l a c e r s , and two p i s t o n s . When t h e engine was purchased, i t was b u i l t w i t h a regenerator and a d i s p l a c e r t h a t a r e r e f e r r e d t o as regenerator 1 and d i s p l a c e r 1. These p a r t s were optimized w i t h i n a s e t o f design c o n s t r a i n t s t o achieve h i g h engine e f f i c i e n c y . a l a t e r t i m e i n t h e t e s t i n g o f t h e RE-1000, NASA Lewis purchased a regenerator and d i s p l a c e r from A t 2 Sunpower t h a t were optimized f o r high-power output w i t h a l l o t h e r parameters o f t h e engine h e l d cons t a n t . These high-power p a r t s are r e f e r r e d t o as r e g e n e r a t o r 2 and d i s p l a c e r 2. For t h i s r e p o r t t h e h i g h e f f i c i e n c y engine c o n f i g u r a t i o n was chosen and t h e code was c a l i b r a t e d . Comparisons were made between p r e d i c t e d and mea ured d a t a over a range o f o p e r a t i n g conditions.S Regenerator 1 had a p o r o s i t y of 75.9 percent w h i l e d i s p l a c e r 1 was desiqned t o operate with a phase angle of about 45 w i t h respect t o t h e power p i s t o n . The a c t u a l phase angle a t engine design c o n d i t i o n s was h i g h e r than t h e design phase angle, probably due t o a s l i g h t l y h i g h e r d i s p l a c e r damping t h a n assumed d u r i n g t h e design process. The standard p i s t o n mass gave t h e engine a resonant frequency o f about 30 Hz. T h i s r e p o r t describes t h e m o d i f i c a t i o n s made t o t h e code s i n c e t h e v a l i d a t ' o n e f f o r t was carr i e d o u t as described by Tew.4 I n a d d i t i o n , t h e approach used t o c a l i b r a t e t h e code i s presented. F i n a l l y , t h e code p r e d i c t i o n s a r e compared w i t h experimental d a t a f o r t h e RE-1000
f r e e -p i s t o n S t i r l i n g engine.
Code M o d i f i c a t i o n s
The f r e e -p i s t o n S t i r l i n g engine code i n i t s previous f o r m c o u l d p r e d i c t t r e n d s i n engine performance. P r e d i c t e d power and e f f i c i e n c y were i n reasonably good agreement w i t h t e s t d a t a w i t h i n t h e +lo t o *15 percent range. c a l aluminum heat exchanger which c o n s i s t s o f 135 r e c t a n g u l a r gas passages and 80 c i r c u l a r water passages. The c o o l e r i s b o t h a p a r a l l e l and c o u n t e r f l o w t y p e o f heat exchanger depending on t h e instantaneous d i r e c t i o n o f t h e o s c i l l a t i n g working space gas. A l l t h e passages r u n i n an a x i a l d i r e c t i o n . The gas passages a r e l o c a t e d near t h e i n n e r r a d i u s o f t h e c y l i n d e r w h i l e t h e water passages are l o c a t e d near t h e o u t e r r a d i u s of t h e c y l i n d e r as shown i n F i g . 2. Previously, t h e gas s i d e o f t h e c o o l e r was modeled u s i n g c i rc u l a r tube h e a t -t r a n s f e r and f r i c t i o n -f a c t o r c o r r e l a t i ons.
I n an e f f o r t t o F o r t h e RE-1000, t h e c o o l e r i s a c y l i n d r iSince t h e RE-1000's c o o l e r passages have r e c t a n g u l a r cross sections, r e c t a n g u l a r tube heatt r a n s f e r and f r i c t i o n -f a c t o r c o r r e l a t i o n s were s u b s t i t u t e d f o r t h e c i r c u l a r tube c o r r e l a t i o n s . Both t h e h e a t -t r a n s f e r and t h e f r i c t i o n -f a c t o r c o r r e l a t i o n s assume f u l l y developed, s t ady f l o w and were obtained from Kays and London.t
The r e c t a n g u l a r passage h e a t -t r a n s f e r c o r r e l a t i o n i s i n t a b u l a r form f o r a range o f Reynolds numbers from 0 t o 30 000. The method o f l i n e a r i n t e r - The f r i c t i o n -f a c t o r equations f o r t u r b u l e n t f l o w a r e v a l i d f o r any r e c t a n g u l a r passages.
water s i d e o f t h e c o o l e r . T h i s c o r r e l a t i o n e l i mi n a t e d t h e need t o guess t h e i n i t i a l temperature o f t h e c o o l e r w a l l as was done p r e v i o u s l y . The cooling-water i n l e t temperature and f l o w r a t e , which can be a c c u r a t e l y measured, a r e now used as inputs. The h e a t -t r a n s f e r c o r r e l a t i o n f o r t h e water s The
h e a t -t r a n s f e r c o e f f i c i e n t c a l c u l a t e d from t h i s equation i s t h e n used i n t h e c a l c u l a t i o n o f t h e thermal r e s i s t a n c e o f t h e water s i d e o f t h e c o o l e r as shown below.
Also, t h e thermal r e s i s t a n c e o f t h e aluminum sepa r a t i n g t h e water and t h e gas i s c a l c u l a t e d assumi n g an e f f e c t i v e thickness o f m a t e r i a l as shown below. The e f f e c t i v e area and t h e e f f e c t i v e t h i c kness used i n t h e thermal r e s i s t a n c e equations a r e c a l c u l a t e d assuming s o l i d c y l i n d e r i c a l water and gas passages w i t h t h e same f l o w areas o f t h e a c t u a l water and gas passages:
A h e a t -t r a n s f e r c o r r e l a t i o n was added f o r t h e 0.666
where C = 144 i n . / f t o r 10 000 cm2/m2 and 
A f t e r t h e thermal r e s i s t a n c e s a r e c a l c u l a t e d , t h e temperature o f t h e c o o l e r w a l l on t h e gas s i d e i s c a l c u l a t e d u s i n g t h e equations

A c o r r e c t i o n was made t o t h e code concerning The p r e v i o u s t h e l e a k p a t h f o r t h e power p i s t o n . leakage model assumed t h a t t h e major l e a k p a t h f o r t h e p i s t o n was f r o m t h e c e n t e r i n g p o r t on t h e p i s t o n t o t h e buffer space through t h e annular clearance between t h e p i s t o n and t h e c y l i n d e r as
shown i n F i g .
The new leakage model simulates t h e l e a k p a t h between t h e c e n t e r i n g p o r t on t h e
A d i s p l a c e r appendix gap gas e n t h a l p y t r a n sf e r ( o r pumping l o s s ) equation has been added t o t h e f r e e -p i s t o n code. The term appendix gap r e f e r s t o t h e small clearance space between t h e d i s p l a c e r and t h e d i s p l a c e r c y l i n d e r . appendix gap l o s s i s now c a l c u l a t e d by adding t h e n e t gas enthalpy l o s s t o t h e s h u t t l e loss. The s h u t t l e l o s s i s a conduction l o s s enhanced by t h e d i s p l a c e r ' s o s c i l l a t o r y motion and t h e r a d i a t i o n heat t r a n s f e r between the d i s p l a c e r and c y l i n d e r walls; t h e n e t gas enthalpy l o s s i s t h e heat t r a n s f e r down t h e gap by v i r t u e o f t h e working gas motion, pressure, and temperature. T h i s i s i l l u s t r a t e d i n F i g . 4. The equation used f o r c a lc u l a t i n g t h e n e t gas enthalpy t r a n s f e r was taken from Ref. 7 
and i s as f o l l o w s :
The n e t
The maximum temperature o f t h e gas e n t e r i n g t h e appendix gap Th was assumed t o be a t t h e c y l i n d e r h o t end metal temperature w h i l e t h e minimum temperature T i was assumed t o be a t t h e c y l i n d e r c o l d end temperature. n e g l e c t s t h e h y s t e r e s i s l o s s t h a t occurs i n t h e appendix gap. I n compensation, t h e s u r f a c e area o f t h e d i s p l a c e r c y l i n d e r i n t h e appendix gap was i n c l u d e d i n t h e expansion space surface area f o r h e a t -t r a n s f e r c a l c u l a t i o n .
T h i s equation
The working space model c o n s i s t s o f t h e swept volumes i n t h e expansion and compression spaces, t h r e e heat exchangers (heater, regenerator, and c o o l e r ) , and f o u r connecting ducts. The heater, regenerator, and cooler a r e connected i n s e r i e s v i a connecting ducts between t h e two swept volumes. The working space i s divided i n t o a number o f cont r o l volumes f o r analysis o f f l u i d f l o w and heat t r a n s f e r . Previously, t h e connecting duct volumes were lumped w i t h adjacent heat exchangers o r swept volumes. 
s p r i n g constant and damping f a c t o r . o n l y t h e c o n t r o l volume r e p r e s e n t a t i o n was used.
Great d i f f i c u l t y was experienced i n matching t h e p r e d i c t e d p i s t o n -d i s p l a c e r phase angle w i t h t h e experimental d a t a u s i n g t h e c o n t r o l volume gas s p r i n g r e p r e s e n t a t i o n . T h i s d i f f i c u l t y seems t o i n d i c a t e t h a t t h e d i s p l a c e r gas s p r i n g model i s
inadequate. T h i s inadequacy might be due t o t h e improper modeling o f t h e gas s p r i n g h y s t e r e s i s l o s s (no phase l a g between heat t r a n s f e r and AT i s accounted f o r ) . damping f a c t o r o p t i o n was chosen f o r t h e comparisons made i n t h i s r e p o r t . The s p r i n g constant and damping f a c t o r f o r t h e d i s p l a c e r gas s p r i i i g are now c a l c u l a t e d by t h e code d u r i n g t h e cons t r a i n e d mode o f o p e r a t i o n and a r e t h e n used as i n p u t s f o r t h e unconstrained mode. The s p r i n g constant i s used i n t h e c a l c u l a t i o n o f t h e i n s t a ntaneous pressure o f t h e gas spring:
An o p t i o n was P r e v i o u s l y Therefore, t h e s p r i n g c o n s t a n t / Kd s
The average pressure i n t h e d i s p l a c e r gas s p r i n g i s assumed t o be equal t o t h e average pressure i n t h e bounce space. T h i s assumption seemed reasonable s i n c e t h e d i s p l a c e r gas s p r i n g volume and t h e bounce space volume are i n d
i r e c t communicat i o n every t i m e t h e c e n t e r i n g p o r t s open. i n g f a c t o r i s used i n t h e c a l c u l a t i o n o f t h e n e t f o r c e a c t i n g on t h e d i s p l a c e r :
A damp-
The f r e e -p i s t o n code can s i m u l a t e t h r e e d i f -( 1 ) c o n s t r a i n e d mode, f e r e n t modes o f operation: ( 2 ) semiconstrained mode, and ( 3 ) unconstrained mode.
I n t h e constrained mode, t h e motions o f b o t h t h e p i s t o n and d i s p l a c e r are s p e c i f i e d . mode o f o p e r a t i o n i s u s e f u l i n c a l i b r a t i n g t h e engine thermodynamics. I n t h e semiconstrained mode, t h e motion o f t h e p i s t o n i s s p e c i f i e d w h i l e t h e d i s p l a c e r motion i s c a l c u l a t e d . T h i s mode o f o p e r a t i o n i s u s e f u l i n c a l i b r a t i n g t h e d i s p l a c e r dynamics. I n t h e unconstrained mode, t h e motions o f b o t h t h e p i s t o n and t h e d i s p l a c e r are calcul a t e d . T h i s mode o f o p e r a t i o n i s u s e f u l i n c a l ib r a t i n g t h e p i s t o n dynamics. C a l i b r a t i o n Parameters T h i s
The f r e e -p i s t o n S t i r l i n g engine code had t o be c a l i b r a t e d f o r t h e RE-1000 engine b e f o r e comp a r i s o n s between p r e d i c t e d and experimental engine performance c o u l d be made. b y a d j u s t i n g n i n e model parameters which a r e d i ff i c u l t t o s p e c i f y a c c u r a t e l y from geometrical data.
The code was c a l i b r a t e d pressure drop m u l t i p l i c a t i o n f a c t o r regenerator h e a t -t r a n s f e r m u l t i p l i c a t i o n f a c t o r expansion space c y l i n d e r h e a t -t r a n s f e r m u l t i p l i c a t i o n f a c t o r compression space c y l i n d e r h e a t -t r a n s f e r m u l t i p l i c a t i o n f a c 
The regenerator h e a t -t r a n s f e r c o r r e l at i o n a l s o assumes steady f l o w conditions. RHCFAC was added t o t h e code when t h e stacked w i r e screen h e a t -t r a n s f e r c o r r e l a t i o n was being used t o model t h e regenerator. c o r r e l a t i o n f o r Metex regenerators, RHCFAC i s probably o f l e s s importance.
h e a t -t r a n s f e r f a c t o r s (FHEXP and FHCOMP) a r e a p p l i e d t o t h e i r r e s p e c t i v e h e a t -t r a n s f e r c o e f f i ci e n t s . M o d i f i c a t i o n s o f these f a c t o r s a d j u s t t h e c y l i n d e r h y s t e r e s i s ( o r c y c l i c ) losses. There i s a t r a n s i e n t h e a t -t r a n s f e r process between t h e worki n g space gas and t h e c y l i n d e r w a l l as t h e gas temperature i s lowered and r a i s e d d u r i n g t h e expansion and compression process. The net heat f l o w across t h i s a l t e r n a t i n g temperature
h e seals i n t h e engine i s n o t symmetrical. I n t h e c o n f i g u r a t i o n o f t h e RE-1000, t h e d i s p l a c e r w i l l d r i f t toward t h e compression space w h i l e t h e power p i s t o n w i l l g e n e r a l l y tend t o d r i f t i n t o t h e working space.
The leakage f a c t o r s (FDBLK and FLEAK) a r e used t o c o n t r o l t h e d i s p l a c e r and p i s t o n leakages. They are used whenever t h e c e n t e r i n g p o r t s a r e closed. Several leak paths e x i s t f o r b o t h t h e d i s p l a c e r and p i s t o n . r e n t l y simulates t h e major l e a k paths. For the d i s p l a c e r , leakage occurs between t h e d i s p l a c e r gas s p r i n g and t h e bounce space. p a t h i s t h e one between t h e c e n t e r i n g
Now t h a t t h e code c o n t a i n s a
The expansion and compression space c y l i n d e r
The f r e e -p i s t o n code cur- 
e a k p a t h i n t h i s case i s t h e one between t h e c e n t e r i n g p o r t i n t h e p i s t o n t o t h e c e n t e r i n g p o r t i n t h e c y l i n d e r w a l l .
The dashpot load c o e f f i c i e n t (CV2LD) i s used t o v a r y t h e p i s t o n stroke. T y p i c a l l y , CV2LD i s v a r i e d u n t i l t h e code p r e d i c t s t h e d e s i r e d p i s t o n stroke. I n i t i a l l y , a l l o f t h e c a l i b r a t i o n parameters are s e t a t t h e i r nominal values. Running t h e code w i t h t h e nominal c a l i b r a t i o n parameters represents a code w i t h o u t engine-
The nominal value f o r t h e l o a d c o e f f i c i e n t CV2LD i s c a l c u l a t e d u s i n g t h e equation c o n d i t i o n s )
PcaA s i n e CV2LD = -3211 W2x 2
P T h i s equation g i v e s t h e value o f t h e v e l o c i t ysquared l o a d c o e f f i c i e n t r e q u i r e d t o produce a s i n u s o i d a l p i s t o n motion w i t h frequency w and amplitude Xp when t h e compression space press u r e wave i s s i n u s o i d a l w i t h amplitude Pca
and phase e r e l a t i v e t o t h e p i s t o n motion.
Constrained Mode C a l i b r a t i o n The experimental case s e l e c t e d f o r t h e i n it i a l s t e p o f t h e code c a l i b r a t i o n was r u 1010 o f t h e Lewis RE-1000 s e n s i t i v i t y t e s t data.' T h i s experimental d a t a p o i n t was taken with t h e engine o p e r a t i n g a t i t s design conditions. The o p e r a t i n g c o n d i t i o n s were as f o l l o w s :
heater-tube outside-wall temperature, 600 C; cooling-water i n l e t temperature, 25 C; mean working-space pressure, 7 
.0 MPa (1015 p s i ) ; worki n g f l u i d , helium. The c a l i b r a t i o n process began w i t h t h e model o p e r a t i n g i n t h e c o n s t r a i n e d mode. The c o n s t r a i n e d mode was used t o c a l i b r a t e t h e code f o r t h e RE-1000's thermodynamics. I n t h i s mode o f o p e r a t i o n t h e motions o f t h e p i s t o n and d i s p l a c e r a r e s p e c i f i e d as F o u r i e r series. Only t h e fundamental terms ( f i r s t harmonics) o f t h e measured motions were used as inputs. tudes o f t h e h i g h e r o r d e r terms were found t o be r e l a t i v e l y small compared w i t h t h e amplitudes o f t h e fundamental terms which i n d i c a t e s t h a t t h e p i s t o n and d i s p l a c e r motions were almost sinus o i d a l . As a r e s u l t , t h e d i f f e r e n c e between t h e code p r e d i c t i o n s using o n l y t h e fundamental terms o f t h e F o u r i e r s e r i e s and t h e code p r e d i c t i o n s u s i n g t h e f i r s t t h r e e terms o f t h e F o u r i e r s e r i e s i s i n s i g n i f i c a n t (Figs. 5 and 6). T h i s was found t o be t r u e f o r t h e RE-1000 w i t h t h e dashpot l o a d b u t may n o t be t r u e f o r a d i f f e r e n t t y p e o f l o a d (i.e., a h y d r a u l i c pump load). The i n p u t s f o r t h e p i s t o n stroked 2.60 cm;
The ampli-piston and displacer in the form of Fourier series were as follows (amplitudes are in centimeters):
The factors FHCOMP, FHEXP, FMULT, and RHCFAC were available for adjustment in the constrained mode. These parameters were chosen since they all directly affect the engine's thermodynamics. and FHEXP were adjusted to obtain the correct compression space pressure wave amplitude and phase angle. FMULT was adjusted until good agreement was reached between predicted and measured pressure drop amplitudes across the cooler, regenerator, and displacer. The experimental pressure drop amplitude measurements were fairly accurate as indicated by Schreiber et al.3 A great amount of work was done on the measurement techniques to insure accuracy. RHCFAC was left at its nominal value since the predicted indicated efficiency was already within the experimental error band. Once good agreement was reached between measured and predicted pressure drops, pressure amplitudes, and phase angles, the estimated cylinder wall temperatures were varied until good agreement was reached between the measured and predicted expansion and compression space gas temperatures.
The displacer spring constant and damping factor required to achieve the correct displacer motion were then calculated by the code from a phasor diagram (Fig. 7) for use in the uric- 
FS =a+ KdsXd
The value of the displacer spring constant as calculated by the code was checked against the adiabatic spring constant as calculated using the equation
This was done to insure that the spring constants calculated by the code were realistic in that they cannot be greater than their adiabatic limits.
Semiconstrained Mode Cali bration
In this mode of operation, the motion of the piston is specified (constrained) while the displacer motion is calculated (unconstrained). mode of operation aids in the calibration of the displacer dynamics when a control volume representation is used for the displacer gas spring model.
This
But since a spring constant/damping factor representation was used, the semiconstrained mode of operation was not necessary for the calibration process documented in this report.
Unconstrained Mode Cali bration
In the unconstrained mode of operation, the motions of the piston and displacer are calculated. CV2LD, FLEAK, and CPTPO are available for adjusting. These parameters are primarily used to adjust the piston dynamics. The parameters FDBLK and CPTDO, which are used to adjust the displacer dynamics, were left equal to their nominal values since the spring constant/damping factor representation was being used for the displacer gas spring. was adjusted until the predicted and measured piston strokes matched.
If the predicted and measured displacer strokes did not match, the factor FMULT (which was previously adjusted in the constrained calibration) had to be readjusted. Changing the value of FMULT changes the constrained calibration which means that the calibration process must be repeated.
unconstrained modes were required to complete the calibration for the design point, run 1010. Table 1 compares the experimental data for the design point to the final predicted performance parameters for both the constrained and unconstrained simulations. A flow chart summarizing the calibration process is shown in Fig. 8. design point, predictions were made for off-design conditions and were compared with experimental data. Each off-design point had only one of the operating conditions varied from the design conditions. The experimental runs used for the offdesign conditions were as follows: (1) run 1006 (piston stroke, 1.80 cm), (2) run 1012 (piston stroke, 3 .00 cm), (3) run 1030 (heater-tube outside-wall temperature, 450 "C), (4) run 1079 (mean working-space pressure, 4.0 MPa), and (5) run 1200 (cooling-water inlet temperature, 55 C). These runs represented the extremes of the operating conditions. then adjusted to improve the agreement over the entire range of operating conditions. calibration effort concerned the reference case or design point. made for the five off-design points to improve the overall agreement. 
c e between these two values i s t h a t i n t h e RE-1000 t h e average surf a c e area f o r heat t r a n s f e r i n t h e expansion space and t h e d i s p l a c e r appendix gap i s almost f o u r t i m e s l a r g e r t h a n t h e average surface area f o r heat t r a n s f e r i n t h e compression space. It should be noted t h a t f o r t h e c a l i b r a t i o n values o f FHEXP and FHCOMP selected, t h e average h e a t -t r a n s f e r c o e f f i c i e n t p r e d i c t e d i n t h e expansion and compress i o n spa e o a t engine design c o n d i t i o n s was 7.6 and 6.8 W/cn?-C, r e s p e c t i v e l y . For t h e isotherm 1 case, t h e s e values would be 527 and 1300 Wlcmg-'C, r e s p e c t i v e l y .
A d d i t i o n a l Runs
F i g u r e 9 shows t h e Four a d d i t i o n a l data points, runs 1017, 1024, 1070, and 1121, were used s i n t e r m e d i a t e p o i n t s f o r t h e f i n a l comparisons.g Runs 1017 and 1024 w e r e o f o r mean heater-tube temperatures o f 550 and 500 C w i t h t h e design o p e r a t i n g c o n d i t i o n s o f p i s t o n s t r o k e of 2.60 cm, cooling-water i n l e t temp e r a t u r e o f 25 C, and mean working-space p r e s s r e o f 7.0 MPa. Experimental r u n 1070 was f o r an i n t e r m e d i a t e mean pressure o f 5.5 MPa w h i l e r u n 1121 was f o r an i n t e r m e d i a t e cooling-water i n l e t temperature o f 40 'C w i t h t h e o t h e r o p e r a t i n g c o n d i t i o n s a t t h e i r design values.
Comparison o f Engine Dynamics and Thermodynamics
The f i n a l s e t o f c a l i b r a t i o n parameters was used t o make comparisons o f p r e d i c t e d p i s t o n and d i s p l a c e r strokes, phase angles, and frequency; gas pressure amplitude; and qas temperatures i n t h e expansion and compression spaces against measured data. Comparisons o f p r e d i c t e d and measured d a t a a r e shown as a f u n c t i o n o f p i s t o n s t r o k e i n Figs. 10 through 16. The p i s t o n stroke o f t h e engine was adjusted by v a r y i n g t h e engine load; t h e p i s t o n s t r o k e i n t h e s i m u l a t i o n was adjusted b y v a r y i n g t h e dashpot l o a d c o e f f i c i e n t (CVELD). of p i s t o n s t r o k e s w i t h t h e heater-tube temperature, cooling-water i n l e t temperature, and mean working
bands i n d i c a t e t h e measurem n t e r r o r associated w i t h each reading o f data.? The u l t i m a t e goal o f t h e c a l i b r a t i o n process was f o r t h e code p r e d i c t i o n s t o f a l l w i t h i n t h e
r e s e n t a t i o n o f t h e d i s p l a c e r gas spring. I t should be noted t h a t t h e a c t u a l p i s t o n -d i s p l a c e r phase angle a t t h e engine design c o n d i t i 2 n s was h i g h e r t h a n t h e design phase angle o f 45 . T h i s d i f f e r e n c e was probably due t o a s l i g h t l y h i g h e r d i s p l a c e r damping f o r c e t h a n assumed d u r i n g t h e design process. 
These two f a c t o r s a l s o had a p o s i t i v e e f f e c t on
t h e compression-space pressure amplitude. The compression-space pressure amplitude has always been o v e r p r e d i c t e d i n t h e past. I n c r e a s i n g t h e c y l i n d e r heat t r a n s f e r brought t h e p r e d i c t e d amplitude w i t h i n t h e e r r o r band (*20 kPa) o f t h e experimental data. d i c t e d engine frequency increases s l i g h t l y w i t h s t r o k e w h i l e t h e measured frequency i s almost constant. F i g u r e s 14 and 15 show t h e expansion and compression space gas temperatures compared w i t h t h e experimental data. The good agreement shown f o r t h e expansion space can be a t t r i b u t e d t o t h e b e t t e r estimates o f t h e c y l i n d e r -w a l l temperatures. The good agreement shown f o r t h e comp r e s s i o n space i s a r e s u l t o f t h e new c o o l e r model and t h e b e t t e r estimates o f t h e c y l i n d e r -w a l l temperatures. F i g u r e 16 shows t h e p r e d i c t e d compression-space pressure amplitude t o f a l l w i t h i n t h e experimental d a t a ' s e r r o r band (*20 kPa) over most o f t h e t e s t e d l o a d range. The good agreement F i g u r e 13 shows t h a t t h e preComparison o f Power and E f f i c i e n c y F i g u r e s 17 t o 24 show comparisons f o r power and e f f i c i e n c y between t h e engine t e s t d a t a and t h e code p r e d i c t i o n s . These comparisons were made f o r v a r y i n g p i s t o n stroke, mean working-space pressure, mean heater-tube temperature, and c o o l i n gwater i n l e t temperature. F i q u r e 17 shows t h e pred i c t e d power t o f a l l w i t h i n t h e experimental e r r o r band (*40 W) over most o f t h e range o f p i s t o n strokes. F i g u r e 1 8 shows t h e p r e d i c t e d e f f i c i e n c y t o f a l l o u t s i d e t h e e r r o r band (*1.3 p e r c e n t ) a t t h e lower p i s t o n strokes. The experimental d a t a show a s i g n i f i c a n t drop i n t h e engine e f f i c i e n c y a t t h e h i g h p i s t o n stroke. One p o s s i b l e reason f o r t h i s might be due t o a h i g h e r h e a t -t r a n s f e r l o s s o u t o f t h e expansion space a t t h e l a r g e r strokes. As t h e p i s t o n s t r o k e i s increased, t h e
h e expansion-space w a l l temperature i s assumed t o be constant over i t s e n t i r e length. Comparisons o f measured and predicted power and e f f i c i e n c y a r e shown as a f u n c t i o n o f mean working-space pressure i n Figs. 19 and 20. The comparisons are shown f o r a range o f mean pressures w i t h t h e p i s t o n stroke, heater-tube outside-wall temperature, and c o o l i n gwater i n l e t temperature s e t a t t h e i r design values F i g u r e 19 shows t h e predicted power t o be s l i g h t l y above t h e experimental d a t a over most o f t h e pressure range tested. e f f i c i e n c y t o f a l l w i t h i n t h e experimental e r r o r band (i1.3 percent) over t h e e n t i r e range o f pressures t e s t e d although the shapes o f t h e curves are s i g n i f i c a n t l y d i f f e r e n t . The mean heater-tube outside-wall tempera t u r e was experimentally measured by t a k i n g t h e average o f twelve heater-tube temperatures; s i x of which were measured a t t h e quarter-length p o i n t a t t h e expansion space end o f t h e heater tube, w h i l e t h e o t h e r s i x were measured a t t h e quarter-length p o i n t o f t h e h e a t e r tube near t h e regenerator end o f t h e tube. For these comparisons t h e p i s t o n stroke, mean working-space pressure, and c o o l i n gwater i n l e t temperature remain a t t h e i r design values. F i g u r e 21 shows t h e p r e d i c t e d power t o f a l l w i t h i n t h e experimental e r r o r band (*40 W) over t h e e n t i r e range o f heater-tube temperatures. F i g u r e 22 shows t h e predicted e f f i c i e n c y t o f a l l below t h e experimental d a t a over most o f t h e range o f h e a t e r t u b e temperatures although t h e shapes o f t h e curves are s i m i l a r .
Comparisons o f measured and p r e d i c t e d power and e f f i c i e n c y are shown as a f u n c t i o n o f c o o l i n gwater i n l e t temperature i n Figs. 23 and 24. For these comparisons t h e p i s t o n stroke, mean workingspace pressure, and mean heater-tube outside-wall temperature remain a t t h e i r design values. F i g u r e 23 shows t h e predicted power t o f a l l s l i g h t l y above t h e experimental data over most o f t h e range o f cooling-water i n l e t temperatures. F i g u r e 24 shows t h e predicted e f f i c i e n c y t o f a l l w i t h i n t h e experimental e r r o r band (*1.3 percent) over t h e e n t i r e range o f cooling-water i n l e t temperatures.
Concluding Remarks
Many m o d i f i c a t i o n s have been made t o t h e NASA Lewis f r e e -p i s t o n S t i r l i n g engine code. r e c e n t improvements have had a p o s i t i v e a f f e c t on t h e code p r e d i c t i o n s . F u r t h e r development o f t h e f r e e -p i s t o n code should b r i n g t h e p r e d i c t e d and measured data i n t o even b e t t e r agreement. u l t i m a t e goal i s t o have a code t h a t does n o t r e q u i r e any engine-specific c a l i b r a t i o n parameters. T h i s would a l l o w t h e code t o be used t o model any f r e e -p i s t o n S t i r l i n g engine w i t h o u t having t o go through t h e c a l i b r a t i o n process. More i m p o r t a n t l y t h e code c o u l d be used i n c o n j u n c t i o n w i t h design codes t o c o n f i d e n t l y design f u t u r e f r e e -p i s t o n S t i r l i n g engines. and documented i n t h i s r e p o r t i n d i c a t e several areas t h a t r e q u i r e improvement: 
